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GUIDANCE ANALYSIS OF ENTRY CORRIDORS FOR
AFRODYNAMIC BRAKING INTO ORBIT AROUND MARS OR VENUS

By Benjamine J. Garland
1.0 SUMMARY

A guidance system for use of aerodynamic braking of a spacecraft is
described. The guidance equations attempt to control the apoapsis alti-
tude and inclination of the trajectory after the spacecraft skips from the
atmosphere by a roll of the spacecraft. A propulsion system is required
to change the skip trajectory to the target orbit.

This guidance system was used to evaluate the feasibility of aerody-
namic braking being used for entry speeds of between 18 000 fps and
26 000 fps at Mars and between 36 000 fps and 46 000 fps at Venus. The
assumed spacecrafts had lift-to-drag (L/D) ratios of 0.5 and 1.0 at Mars.
The spacecraft for Venus had an L/D of 1.0. The ballistic coefficient
(W/CDS) was 100 psf for the 0.5-L/D spacecraft. The 1.0-L/D spacecraft.

had a ballistic coeffieient of between 100 psf and 1000 psf. The feasi-
bility of aerodynamic braking being used for the higher velocities at
Venus is questionable. The use of the aerodynamic braking maneuver does
appear to be feasible at Mars.

2.0 INTRODUCTION

Previous studies (ref. 1) have shown that the initial size of an
interplanetary spacecraft can be reduced significantly if the atmosphere
of the target planet is used to decrease the velocity of the spacecraft.
The aerodynamic forces developed by the spacecraft are used to change the
trajectory from the hyperbolic approach path to an elliptic path that has
a specified apoapsis altitude. The most efficient place to use the prop-.
ulsion System is near the apoapsis to raise the periapsis above the sensible
atmosphere. If for some reason the desired apoapsis is not obtained, it
will be corrected by a change in the periapsis velocity.

A guidance system described in reference 2 was used to study the
feasibility of aerodynamic braking being used to establish an orbit at



Mars. The assumed spacecraft had an L/D of 0.5 and a W/CDS of 120 psf.
The entry speed was varied between 17 000 fps and 20 000 fps.

The study has been extended to include aerodynamic braking at Venus
and higher entry speeds at Mars. The entry speeds at Venus are between
36 000 fps and 46 000 fps. The entry speeds at Mars are between 18 000 fps
and 26 000 fps. Another class of spacecraft was also considered. This
spacecraft has an L/D of 1.0 and a W/CDS of 100 psf to 1000 psf. It was

necessary to modify the guidance logic used in reference 2 because of the
wider range of operating conditions.

The results of the study of the entry corridors at Mars and Venus are
included in this report. The flow diagrams of the guidance system and the
values of the guidance constants are presented in the appendix.

3.0 ©SYMBOLS

'CD drag coefficient, n.d.

D drag, 1b

8n acceleration of gravity at surface of Earth, 32.2 fps
h altitude, ft or n. mi.

L lift, 1b

S reference area, ft

\ velocity, fps

W weight, 1b

Y flight-path angle, deg or rad

AVT total velocity required to establish the target orbit, fps
o i

density, 1b-sec2/ft




Subscripts
en entry

p periapsis
4.0 METHOD

4.1 Description of Maneuver to Establish Orbits

The sequence of maneuvers used to establish the orbit is shown in
figure 1. The spacecraft approaches the planet along a hyperbolic path
which must intersect the atmosphere within certain limits known as the
entry corridor. The purpose of the atmospheric phase is to decrease the
speed of the spacecraft and to deflect its path so that it leaves the
atmosphere along a trajectory with the desired apoapsis altitude. The
periapsis of the spacecraft's orbit is raised above the atmosphere by an
increase in the spacecraft's apoapsis velocity. In actual practice, the
apoapsis altitude of the exit trajectory will not equal the apoapsis alti-
tude of the target orbit. Therefore, the apoapsis altitude will be ad-
Justed by a change in the velocity at the periapsis of the intermediate

orbit. The depth of the entry corridor and the total velocity change re-
" quired to establish the target orbit (AVT) are two convenient measures of

the performance of the combined spacecraft and guidance system.

A more detailed description of the atmospheric phase is shown in
figure 2. The beginning and end of this phase are defined by arbitrary -
values of the acceleration of the spacecraft caused by aerodynamic forces.
The atmospheric phase is divided into three phases by the guidance system.
These subdivisions are the transition to a constant altitude, the constant
altitude phase, and the exit phase.

4.2 Description of Guidance System

The guidance equations were developed in reference 2 and the flow
diagrams of the guidance logic are presented in the appendix. This section
is limited to a brief description of the guidance system.

The guidance system assumes that the spacecraft produces a constant
value of L/D and that the only method used to control the spacecraft is
to roll the vehicle. The guidance uses approximate analytic solutions to
the equations of motion to determine the required roll angle. This tech-
nique is typical of closed-form prediction guidance schemes.

The basic arrangement of the guidance logic is shown in figure 3.
The guidance commands are based on the changes in the velocity measured
by the inertial measurment unit (IMU). In the navigation section, the




output of the IMU is used to calculate the position and velocity of the
spacecraft. Basically, the navigation equations are the same as those
used for the Apollo guidance (ref. 3) and are used once during each cycle
through the computer.

The mode selector's only purpose is to direct the computations to the
correct section of the guidance logic. The 1ift vector of the spacecraft
is pointed downward during the approach phase which ends whenever the

measured acceleration along the velocity vector exceeds 1.6 ft/sec2
(O.OSgE, where 8p is the gravitational acceleration at the surface of

the Earth).

The transition phase attempts to guide the spacecraft to a constant
altitude path. The guidance equations for this phase are based on the
results of reference U4, although the derived equations are different. The
L/D given by the guidance equation is used except for three cases. The
first exception, a result of numerical inaccuracy, is when the estimated
density at the beginning of the constant altitude phase is less then the
current calculated density. The remaining two conditions are that the
- estimated acceleration at the beginning of the constant altitude phase
is greater than the maximum allowable acceleration and that the constant
altitude path lies below the minimum permissible altitude. The guidance
will call for full positive 1lift if any of these three situations exist.
The transition phase continues until the estimated time remaining before
the path is horizontal is less than the time required to roll the space-

through 180°,

The purpose of the constant altitude phase is to allow the spacecraft
to decelerate until the exit phase can be flown successfully. Therefore,
a portion of the computations for the exit phase must be performed each
cycle although the spacecraft is being guided along a constant altitude
path. The constant altitude phase continues until the target apoapsis
altitude can be reached by use of a constant value of L/D which is less
than some arbitrary value.

The exit phase guidance equations are based on the second-order
solution to the equations of motion presented in reference 5. The second-
order solution is used to calculate the apoapsis altitude achieved by use
of a constant value of L/D, and the correct value of L/D is found by use
of a Newton-Raphson iteration scheme. A combination of the previous com-
puted value of L/D and the current value is used to steer the spacecraft.
The exit phase ends whenever the measured acceleration along the velocity
vector becomes less than O.OSgE. The aerodynamic braking maneuver is com-
pleted at this point.




The inclination of the orbit is controlled by the direction of the
roll angle. It is assumed that the change in the inclination of the orbit
is approximated by the change in the spacecraft's heading. The approximate
change in heading is given in reference 7. The estimate of the change in
inclination during the atmospheric phase is compared to the desired inclina-
tion to determine the direction of roll.

5.0 NUMERICAL APPLICATION AND RESULTS

A four-degree-of-freedom digital trajectory program was used to
evaluate the performance of the combined guidance and spacecraft system.
A spherical rotating planet is assumed for the trajectory program. The
physical properties of Mars and Venus are. given in references T and 8,
respectively. The models of the atmosphere of Mars presented in reference
9 and the models presented in reference 10 for Venus were used in the study.
The variation of the atmospheric density with altitude of the three
atmospheric models for Mars and the two models for Venus are presented in
figure 4.

The nominal characteristics of the control system are as follows.

Maximum roll rate, deg/sec . . . . + « « . . . . . %20
Roll acceleration, deg/sec? . . « v « « v « o « « . 210
Roll deadband, d€g .« + « « » « + o« o & o+ + o+ « « . b

The control system characteristics are those of the Apollo command module.

Two basic spacecraft were considered in this study. The L/D and
W/CDS of these spacecraft and the range of entry velocities are listed

in the following table. The initial altitudes were 300 000 feet at Mars
and 600 000 feet at Venus.

Planet 1./D W/CDS, psf Ven’ fps

Mars 0.5 100 18 000 to 26 000
Mars 1.0 100 to 1000 18 000 to 26 000
Venus 1.0 100 to 1000 36 000 to L6 000

The 0.5-L/D spacecraft is typical of the type that could be used to
land on the surface of the planet. . Because manned landings on the surface
of Venus are extremely unlikely, the performance of this spacecraft



was considered only at Mars. The velocities include a realistic range
of entry velocities at each planet.

The top and bottom of the entry corridor can be designated by either
the altitude of the periapsis of the approach trajectory or by the flight-
path angle at some arbitrary altitude. The top of the entry corridor is
defined as the maximum periapsis altitude or shallowest entry angle at
which the guidance has the capability to steer the spacecraft to the target
apoapsis altitude. The bottom of the entry corridor is defined by three
different criteria. The first definition of the bottom of the entry corri-
dor is the point at which the spacecraft is subjected to an acceleration
of lOgE. The bottom of the entry corridor can also be defined as the

periapsis altitude of entry angle when the minimum allowable altitude of
50 000 feet. The last definition is based on the AV_,. A typical variation

T
of AVT with respect to Yen is shown in figure 5. The AVT decreases
rapidly as Yen is increased from -13° to -12°. The AVT remains between

120 fps and 200 fps until Yen is increased to -7°. The AVT at -6.8°

is 1400 fps and falls outside the figure. The bottom of the entry corridor

is defined as the point at which AVT begins to increase rapidly as the peri-

apsis altitude is lowered. This definiticon is more nebulous than the
first two definitionms.

The entry corridor at Venus is presented in figure 6 for the high
density atmosphere model. The depth of the entry corridor is 22.0 n. mi.
if the W/CDS is 1000 psf and if Ven is 36 000 fps. The top of the entry

corridor 1s practically independent of the entry velocity.

The effect of the low density atmosphere on the entry corridor at
Venus 1s shown in figure 7. The change in the atmospheric models will
lower the top of the entry corridor to 42.L4 n. mi. for a W/CDS is 1000 psf.

The corridor depth is changed less than 2.0 n. mi. The top of the entry
corridor is almost independent of Ven' The bottoms of the entry corridors

were determined by the lOgE acceleration limit. The maximum dynamic pressure
was 7300 psf for a W/CDS of 1000 psf and the high density atmosphere. The
minimum altitude was 188 000 feet for a W/CDS of 1000 psf and the low

density atmosphere. The AV. for a target orbit with a periapsis altitude

T
of 200 n. mi. and an apoapsis altitude of 10 000 n. mi. was between 100 fps

and 200 fps. More than half of the AVT was applied at the apoapsis of the

exit trajectory.




The entry corridor into the mean density atmosphere at Mars is shown
in figure 8 for Ven from 18 000 fps to 26 000 fps. The L/D is 1.0, and

W/CDS is 100 psf, 500 psf, and 1000 psf. The maximum variation of the top
of the entry corridor is 2.0 n. mi. over the range of Ven' The top of
the corridor is the lowest at the highest Ven and is 29.4 n. mi.,

21.7 n. mi., and 18.3 n. mi. for W/CDS of 100 psf, 500 psf, and 1000 psf,

respectively. All three definitions of the bottom of the corridor are
represented in this figure. The bottom of the entry corridor is defined
by the minimum altitude of 50 000 feet if W/CDS equals 500 psf or 1000 psf.

The minimum corridor depth is 21.5 n. mi. if W/CDS is 1000 psf and in-
creases to 32.5 n. mi. when W/CDS is decreased to 500 psf. If W/CDS is

100 psf, the bottom of the entry corridor is defined by the maximum
acceleration of lOgE if Ven is greater than 22 300 fps. If Ven is

less than 22 300 fps, the bottom of the entry corridor is defined by the
increase in AVT. The maximum entry corridor depth is 65.0 when Ve is

. equal to 22 300 fps. The minimum corridor depth is 24.6 n. mi. at the
slowest Ven'

The entry corridor at Mars for the three atmospheric models is pre-
sented in figure 9. The L/D is 1.0, and W/CDS is 1000 psf. The entry

corridor at Venus was raised or lowered by changes in the atmospheric
model, but the corridor depth was essentially unaffected. The top of the
entry corridor at Mars is lowered, and the bottom of the entry corridor
is raised if the density is decreased. The minimum corridor depth in the
low density atmosphere is 9.2 n. mi. for a Ven of 26 000 fps. The cor=~

ridor depth at this velocity is 56.0 n. mi. for the high density atmosphere.

A decrease in L/D to 0.5 will cause the top of the entry corridor at
Mars to be decreased between 0.6 and 2.8 n. mi. as shown in figure 10.
At the same time, the bottom of the entry corridor will be increased
between 5.4 and 36.5 n. mi. These results occur for the mean density
atmosphere and for a W/CDS of 100 psf. The bottom of the entry is

determined by the increase in V_ over the entire velocity range. The

T
minimum entry corridor depth is 11.0 when Ven is 18 000 £ps. The cor-
ridor depth increases to a maximum of 36 n. mi. as V is increased to
en
26 000 fps.

The depth and location of the entry corridor at Mars change as the
atmosphere is changed. The entry corridors for the three atmospheric
models are shown in figure 11 for a L/D of 0.5 and a W/CDS of 100 psf.



The entry corridor for the mean density atmosphere is the same as was
shown in figure 10 and is used for comparison. If Ven is 26 000 fps,

the depth of the entry corridor for the high density atmosphere is in-
creased by 4.5 n. mi., and the top of the entry corridor is raised by
12.0 mi. The corridor depth is decreased by 3.0 n. mi., and the top of
the entry corridor is lowered by 7.0 n. mi. when the low density
atmosphere is assumed. Changes in the atmosphere have less effect as
the Ven is decreased.

The maximum dynamic pressure during any entry within the corridor
at Mars was 12 000 psf, and the maximum acceleration was lOgE. The AVT

for a target apoapsis altitude of 10 000 n. mi. and a target periapsis
altitude of 200 n. mi. was between 100 and 200 fps except for the low
L/D spacecraft in the dense atmosphere. In this case, the AVT increased

rapidly at the lower Ven and was between L0OO fps and 500 fps at the

lowest value considered.

A study of the approach navigation and guidance corridor at Mars
and Venus was reported in reference 11. The depth of the approach
guidance corridor at Venus is approximately equal to the depth of the
entry corridor when V__  1is 46 000 fps. The depth of the entry corri-

dor increases as Ven is decreased, while the depth of the guidance
corridor decreases. Except for the entry of a 1.0 L/D with a w/ch of

1000 psf into the low density atmosphere, the entry corridors at Mars are
several times as large as the approach guidance corridors. It should be
mentiocned that the entry corridor depths are optimistic because the study
does not consider errors such as those which occur in the initial poci-
tion and velocity, in the IMU, or in the vehicle characteristics. The

depth of the entry corridor will be decreased by any errors which may
occur.

The flexibility of the guidance was demonstrated by the variety of
cases considered. The only parameters that were changed in the guidance
were the following: (1) the planet's radius, spin rate, and gravita-
tional constant; (2) the L/D and W/CDS of the spacecraft; and (3) the

exponential decay rate of the atmosphere. The guidance equations were
used satisfactorily for the cases considered.




6.0 CONCLUDING REMARKS

The proposed guidance system for aerodynamic braking into a planetary
orbit has the capability to perform satisfactorily over a wide range of
conditions at both Mars and Venus with no changes except those that de-
scribe the physical properties of the planet or the spacecraft.

The guidance was used to evaluate the entry corridors ét Mars and
Venus for spacecraft with an L/D of 0.5 or 1.0. The W/CDS of the 0.5-

L/D spacecraft was 100 psf, and the W/CDS of the 1.0-L/D spacecraft was

between 100 psf and 1000 psf. The entry veloEity at Mars was from

18 000 fps to 26 000 fps. The entry velocity at Venus was between

36 000 fps and 46 000 fps. The use of aerodynamic braking at Mars appears
to be possible, but its use at Venus is doubtful at the higher wvalues of
entry velocity.
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Approach trajectory

Edge of atmosphere
Second impulse

Intermediate orbit

Aerodynamic braking
maneuver

/—First impulse

Exit trajectory

Target orbit

Figure 1.- Sequence of maneuvers necessary to establish target orbit.
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Figure 2.~ Phases of aerodynamic braking maneuver.
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Figure 4 .- Atmospheric models used in study,
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APPENDIX

GUIDANCE LOGIC

The fundamental equations for the guidance were developed in ref-
erence 2, and a brief description of the logic is presented in the main
text of this report. This appendix includes detailed flow diagrams of
the guidance logic and values of the guidance constants.

The only source of information for the guidance equations is the
inertial integrating accelerometers which act as the sensing devices.
The output of the IMU is the measured change in the velocity along the
reference axes. This change in the velocity does not include the effects
of gravity. The navigation equations (fig. A-1) are basically identical
to those used for the Apollo guidance. They use the measured change in
the velocity and calculated effects of gravity to determine the position
and velocity of the spacecraft. The measured change in the velocity is
also used to. estimate the acceleration along the velocity vector (drag
acceleration) and to estimate the atmospheric density.

The 1ift vector of the spacecraft is pointed toward the surface of
the planet during the approach phase. The approach phase is defined to
end whenever the drag acceleration exceeds O.OSgE where gn is the gravi-

tational acceleration at the surface of the Earth.

The transition phase (fig. A-2) attempts to guide the spacecraft to
a constant altitude path. The density at the beginning of the constant
altitude phase is estimated based on the local velocity and an arbitrary
value of L/D at the beginning of the constant altitude phase. The esti-
mated density is then used to determine the drag acceleration at the
beginning of the constant altitude phase. The value of L/D given by the
guidance equation is used except for three cases. The first exception
is a result of numerical inaccuracy. The calculated L/D is not used if
the estimated density at the beginning of the constant altitude phase is
less than the estimated local density. The other two exceptions to the
use of the calculated L/D are cases in which the predicted acceleration
at the beginning of the constant altitude phase exceeds the acceleration
1limit and in which the predicted height of the constant altitude path
is less than the minimum acceptable altitude. The guidance will command
full positive 1lift if any of these three conditions exist. The transition
phase continues until the predicted time remaining before the altitude
rate i1s zero becomes less then the time reqguired to roll the spacecraft
through 180°,



2k

The purpose of the constant altitude phase is to permit the space-
craft to decelerate until the exit phase can be flown successfully. There-
fore, a portion of the calculations for the exit phase must be performed
each cycle although the spacecraft is being guided along a constant alti-
tude path. The exit phase is shown in figures A-3(a) and A-3(b).

The constant altitude phase is shown in figure A-4. The purpose of the
operations shown in figure A-3(a) is to determine a value of the parameter
K which will remain constant for the exit phase and to determine the
eccentricity of the exit trajectory. The L/D is decreased until the
eccentricity is less than the maximum allowable value or until the L/D

is less than some specified value. The latter is one of the conditions
which cause the guidance to remain in the constant altitude phase. In
figure A-3(b), the apoapsis altitude of the exit trajectory is calculated
and compared to the target value. The correct value of the L/D is

-determined by a combination of a Newton-Raphson iteration scheme .
and a linear interpolation. The commanded L/D is a combination of the

current required value and the previously required value. The guidance
escapes from the iteration loop by (1) satisfaction of the target condi-
tion, (2) remaining in the iteration loop for 20 cycles, or (3) being
unable to keep the eccentricity below a specific value. The constant
altitude phase continues until the target apoapsis altitude can be ob-
tained by use of a constant L/D which is less than some specified value.

The lateral logic (fig. A-5) is designed to control the inclination
of the exit trajectory plane by a decision as to which quadrants the roll
angle should be in. This section is also designed to convert the commanded
L/D into a roll angle.

The guidance parameters may be divided into five groups. These
general groups are as follows: (1) initial conditions, (2) target condi-
tions, (3) vehicle characteristics, (4) planet characteristics, and (5)
guidance constants. These parameters are listed below.

a. Initial conditions

1. r, position vector, ft
2. v, velocity vector, ft

b. Target conditions

1. haT’ apoapsis altitude, n. mi.

2. iT’ inclination, rad
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Vehicle characteristics

1.

<L/D)max’ maximum L/D

B, ballistic coefficient, psf

Planet characteristics

R, radius, ft
v, gravitational constant, ft3/sec2
J, oblateness coefficient

B, exponential decay rate of density, ft~!

Guidance constants

1.

10.

11.

am, maximum acceleration, SgE

Dthres’ threshold drag acceleration, O.OSgE
emax’ maximum eccentricity, 0.99
ha, tol? tolerance in predicted ha’ 10 n. mi.

h ., minimum altitude, 50 000 ft
min

(L/D)Ca, L/D at beginning of constant altitude phase,
-0.75 (L/D)

max

(L/D)ex’ maximum L/D during exit phase, 0.35

(L/D)ex 0’ minimum L/D during exit phase, 0.09

b]

s -5
Ktol’ tolerance in K, 10

K3, guidance gains, 0.01

Ky, » 100



12.
13.
1k,

15.
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K_, 10

5
LDBIAS, 0.5
LADBI2, 4.0

§i, tolerance in inclination, 0.5°
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